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Abstract. Secondary organic aerosol (SOA) derived from n-alkanes, as emitted from vehicles and volatile
chemical products, is a major component of anthropogenic particulate matter, yet the chemical composition
and phase state are poorly understood and thus poorly constrained in aerosol models. Here we provide a compre-
hensive analysis of n-alkane SOA by explicit gas-phase chemistry modeling, machine learning, and laboratory
experiments to show that n-alkane SOA adopts low-viscous semi-solid or liquid states. Our study underlines the
complex interplay of molecular composition and SOA viscosity: n-alkane SOA with a higher carbon number
mostly consists of less functionalized first-generation products with lower viscosity, while the SOA with a lower
carbon number contains more functionalized multigenerational products with higher viscosity. This study opens
up a new avenue for analysis of SOA processes, and the results indicate few kinetic limitations of mass accom-
modation in SOA formation, supporting the application of equilibrium partitioning for simulating n-alkane SOA

formation in large-scale atmospheric models.

1 Introduction

Secondary organic aerosol (SOA) is ubiquitous in the at-
mosphere, affecting climate, air quality, and public health
(Poschl and Shiraiwa, 2015; Jimenez et al., 2009). It is gen-
erally formed by multigenerational oxidation of volatile or-
ganic compounds (VOCs) emitted by both anthropogenic
and biogenic sources followed by condensation of semi-
volatile oxidation products into the particle phase (Ziemann
and Atkinson, 2012; Kroll and Seinfeld, 2008). As an im-
portant class of SOA precursors, there is a growing attention
given to intermediate-volatility organic compounds (IVOCs),
which can partition to the gas phase upon dilution of primary
organic aerosols after fresh emission sources such as vehi-

cle tailpipes, combustion of fossil and fuel oils, and volatile
chemical products (Robinson et al., 2007; McDonald et al.,
2018). The inclusion of IVOCs in the model simulations
helps to reduce the gap between model simulations and field
observations of SOA (de Gouw et al., 2011; Li et al., 2022;
Zhao et al., 2016).

SOA can adopt different particle phase states (liquid,
amorphous semi-solid, and glassy solid), depending on their
chemical composition, relative humidity, and temperature
(Virtanen et al., 2010; Petters et al., 2019; Reid et al., 2018;
Renbaum-Wolff et al., 2013) and also evolving with regards
to chemical aging and photochemistry (Baboomian et al.,
2022). SOA phase state plays an important role in a number
of atmospheric multiphase processes (Shiraiwa et al., 2017).
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The occurrence of glassy SOA in the free troposphere can
impact activation pathways of ice crystals and cloud droplets
(Knopf and Alpert, 2023). Slow diffusion in viscous particles
induces kinetic limitations in heterogeneous and multiphase
reactions (Zhang et al., 2018; Zhou et al., 2019; Shiraiwa et
al., 2011), affecting long-range transport (Shrivastava et al.,
2017; Mu et al., 2018). The timescale of SOA partitioning
can be prolonged in viscous particles (Schervish and Shi-
raiwa, 2023), retarding uptake of semi-volatile compounds
and mixing of different particle populations (Ye et al., 2016).
The particle phase state also modulates SOA growth to cloud
condensation nuclei sizes, affecting the cloud life cycle (Za-
veri et al., 2022). While the phase states of SOA generated
by biogenic VOCs such as terpenes and isoprene have been
extensively studied (Virtanen et al., 2010; Petters et al., 2019;
Renbaum-Wolff et al., 2013; Baboomian et al., 2022; Zhang
et al., 2018), those derived from IVOCs are hardly investi-
gated and remain poorly constrained.

Viscosity (1) is a dynamic property that characterizes the
particle phase state, which can be derived from the glass
transition temperature (1) of the constituting species (Koop
et al., 2011). Several structure—activity relationships models
have been developed to predict the 7, of an organic com-
pound using various molecular properties including molar
mass, the atomic O : C ratio (Shiraiwa et al., 2017), elemen-
tal composition (DeRieux et al., 2018), and volatility (Li et
al., 2020; Zhang et al., 2019). A method was developed to
predict SOA viscosity from the Tg-scaled Arrhenius plot of
fragility by considering the Gordon-Taylor mixing rule and
hygroscopic growth of SOA particles (DeRieux et al., 2018;
Shiraiwa et al., 2017). The Ty compositional parametriza-
tion (CP) and the viscosity prediction method have been
applied to high-resolution mass spectrometry data of vari-
ous types of SOA including toluene SOA (DeRieux et al.,
2018), SOA generated by diesel fuels (Song et al., 2019),
B-caryophyllene SOA (Maclean et al., 2021), and SOA gen-
erated by surrogate VOC mixtures by healthy and stressed
plants (Smith et al., 2021), agreeing well with viscosity mea-
surements. However, CP substantially overestimated viscos-
ity measurements of indoor surface films which are mostly
composed of unsaturated high-molar-mass compounds such
as triglycerides (O’Brien et al., 2021). CP considers neither
molecular structure nor functionality explicitly, representing
a limitation of this method. Galeazzo and Shiraiwa (2022)
overcame this limitation by developing a machine-learning-
based model, tgBoost, with an application of cheminformat-
ics “molecular embeddings” that retains detailed informa-
tion on atomic composition, molecular structure, and con-
nectivity. The main novel feature introduced by tgBoost is
the model capability to predict different 7, values for struc-
tural isomers and a high sensitivity of 7 to various functional
groups, consistent with viscosity measurements for function-
alized compounds (Rothfuss and Petters, 2017; Grayson et
al., 2017).
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Long-chain linear alkanes (n-alkanes) are representative
IVOCs and account for a substantial fraction of non-methane
hydrocarbons in urban air as mainly emitted from anthro-
pogenic activities such as vehicle exhausts and incomplete
fuel combustion (Li et al., 2022). Gas-phase oxidation of n-
alkanes by OH radicals can trigger the formation of SOA
with high yields, as observed in laboratory experiments
(Aimanant and Ziemann, 2013a; Lim and Ziemann, 2009b;
Srivastava et al., 2022) and field observations (Gentner et al.,
2012; Li et al., 2022). Gas-phase oxidation pathways of n-
alkanes are relatively well understood and successfully sim-
ulated by detailed gas-phase chemistry modeling (Aumont et
al., 2012; La et al., 2016), but the chemical composition of
n-alkane SOA has only been characterized well for the Cig
n-alkane (Ranney et al., 2023) and the phase state and viscos-
ity of alkane SOA are unknown. Therefore, the n-alkane SOA
system provides an ideal benchmark for the investigation of
the interplay of chemical composition, particle phase state,
and kinetic limitations influencing SOA growth and evolu-
tion.

In this study, we implemented tgBoost in an explicit gas-
phase chemistry model, GECKO-A (Generator for Explicit
Chemistry and Kinetics of Organics in the Atmosphere),
to investigate the complex interplay of chemical composi-
tion, kinetic partitioning, and the phase state of n-alkane
SOA generated under dry and high-NO, conditions. The
GECKO-A model is one of the most comprehensive gener-
ators of gas-phase chemical schemes to date, as it automati-
cally generates detailed gas-phase chemical mechanisms in-
volving thousands to millions of oxidation products from a
given VOC precursor based on established reaction pathways
and structure—activity relationships (Aumont et al., 2012; La
et al., 2016). The simulations were conducted with a vari-
able effective mass accommodation coefficient to consider
potential kinetic limitations in amorphous semi-solid parti-
cles (Shiraiwa and Poschl, 2021). The simulated results were
compared with chamber experimental data on SOA yields
(Lim and Ziemann, 2009b) as well as new measurements on
thermal desorption temperatures and functional-group distri-
butions.

2 Methods

2.1 Model simulations

We applied the Generator for Explicit Chemistry and Ki-
netics of Organics in the Atmosphere (GECKO-A) (Au-
mont et al., 2012; La et al., 2016) to obtain detailed reac-
tion schemes of gas-phase OH oxidation of n-alkanes along
with rate constants. The GECKO-A generator used for the
oxidation of linear n-alkanes treats the chemistry of peroxy
(ROy) and alkoxy (RO) radicals. Under high-NO, condi-
tions, RO» radicals mainly react with NO and NO», in order
to form closed-shell compounds or RO radicals, which un-
dergo reaction with Oy, unimolecular decomposition (i.e., C—
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C bond breaking), or isomerization, generating stable com-
pounds and/or new RO, radicals. The detailed protocol for
such mechanism generation is available in previous studies
(Aumont et al., 2013, 2005, 2012; La et al., 2016). In this
study, the generated chemical schemes include the descrip-
tion of the formation of organic species up to four genera-
tions. Species with vapor pressure below 10~!3 atm are as-
sumed to be of low enough volatility to completely partition
to the condensed phase, and their gas-phase chemistry is then
not generated in the mechanism to reduce the mechanism
(La et al., 2016). The number of species treated in the model
was ~ 10* species for dodecane (CgHig), which increases to
~10° species for heptadecane (C17Hzg).

The latest structure—activity relationships are treated for
the chemistry of organic compounds with an OH radical
(Jenkin et al., 2018b, a, 2019) and the bimolecular reac-
tions of peroxy radicals (Jenkin et al., 2019), as well as
alkoxy radical decomposition and H migration reaction rates
(Vereecken and Peeters, 2009; La et al., 2016). The vapor
pressures of semi-volatile species were estimated by using
Nannoolal’s group contribution method (Nannoolal et al.,
2008) implemented in GECKO-A, as described in detail in
Valorso et al. (2011). The model treats unimolecular particle-
phase reactions including the cyclization of hydroxyketones
and dehydration of cyclic hemiacetals to form dihydrofurans
(La et al., 2016). The model does not treat autoxidation and
dimerization in the gas phase, but these processes should be
minor pathways during n-alkane oxidation in the presence of
high NO, as the reaction of peroxy radicals with NO, should
be dominant (Praske et al., 2018; Pye et al., 2019); thus, their
absence from GECKO-A chemical schemes should not have
major impacts on the simulated results.

These explicit chemical mechanisms were implemented
in a box model to simulate the multigenerational oxidation
of n-alkanes, partitioning of oxidation products into the par-
ticle phase based on their vapor pressures, and vapor wall
loss to mimic chamber experiments (La et al., 2016). We
replicated the experimental conditions used in Lim and Zie-
mann (2009b) to generate SOA from OH oxidation of Cg—
C17 n-alkanes under high-NO, conditions in the presence
of non-volatile dioctyl sebacate (DOS) seed particles with a
particle radius of 150 nm and mass loading of 200 ugm~3.
Temperature was held constant at 295.15 K, pressure was
set at 1 atm, and RH was fixed at 0.5 %. Photolysis frequen-
cies were calculated based on the cross sections and quantum
yields as described in Aumont et al. (2005) and the photonic
flux of blacklight lamps. Each simulation ran for 1h, and
the time evolution of species concentration was computed
through a two-step method that solves stiff ordinary differen-
tial equations (Verwer, 1994; Verwer et al., 1996). To inves-
tigate effects of mass concentrations, we also simulated ex-
periments of n-alkane photooxidation under high-NO, con-
ditions with low mass loadings by Presto et al. (2010). The
number concentration of seed particles with a particle di-
ameter of 200nm was ~ 5000 cm ™3, corresponding to the
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mass concentration of ~ 20 ugm~>. Initial mixing ratios of
n-alkane and NO, were in the range of 3-99 ppb and 1-
5 ppm, respectively, as reported in Presto et al. (2010), and
these conditions were applied in the model.

The box model accounts for mass transfer kinetics of or-
ganic species between gas and particle phases. Partitioning
follows Raoult’s law at equilibrium and partitioning kinet-
ics as described by the gas—particle mass transfer coeffi-
cient with the Fuchs—Sutugin approach (Seinfeld and Pan-
dis, 2016). For the base case scenario, we fixed the mass
accommodation coefficient (&) to be 1 based on molecular
dynamics simulations (Julin et al., 2014), assuming particles
are low-viscous liquids without kinetic limitations of bulk
diffusion. To account for potential kinetic limitations in vis-
cous particles, we applied an effective mass accommodation
coefficient (cefr) that is a function of volatility and bulk dif-
fusivity (Shiraiwa and Poschl, 2021):

1
1+ awCO rp 1012 gem=3 "’

4Dopp 5 pgm=3

(D

Qeff = Ag

where o is the surface accommodation coefficient assumed
to be 1, @ (cms™!) is the mean thermal velocity of the or-
ganic compound in the gas phase, rp (cm) is the particle ra-
dius, o, (g cm™3) is the particle density, and C° (ugm~3)
is the pure compound saturation mass concentration. Dy,
(cm? s~ 1) is bulk diffusivity as simulated by the conversion
of viscosity as detailed below. of values are shown as a
function of Dy and vapor pressure p° in Fig. A3a. We ac-
counted for a reversible gas-to-chamber wall partitioning of
gases and assumed a fixed first-order deposition rate con-
stant of 5x 10™*s~! based on experimental observations
and previous modeling studies (Krechmer et al., 2016; La et
al., 2016; Lim and Ziemann, 2009b). A desorption rate con-
stant from the wall to the gas phase was derived by using
a parameter of Cy/MyYy of 9 umolm™> for n-alkanes and
120 umol m 3 for oxidation products based on chamber ob-
servations (Matsunaga and Ziemann, 2010), as discussed in
La et al. (2016). Potential concentration gradients in the par-
ticle phase are not resolved explicitly, and SOA particles are
assumed to be homogeneously well-mixed.

The glass transition temperatures (7y) of organic com-
pounds were predicted by the machine-learning-based model
tgBoost (Galeazzo and Shiraiwa, 2022) and the parametriza-
tion based on elemental composition (DeRieux et al., 2018;
Li et al., 2020). The implementation of the compositional
parametrization in the GECKO-A box model was done in
Galeazzo et al. (2021) with a thorough description of all
the equations, assumptions, and steps adopted for the im-
plementation of this viscosity estimation method. In this
study, we implemented tgBoost, a newly developed ma-
chine learning model for better predictions of T,. tgBoost
is a powerful model that can discern compositional isomers
by functionality and predict the glass transition tempera-
ture of an organic compound i (7 ;) with an uncertainty of

Atmos. Chem. Phys., 24, 5549-5565, 2024



5552

+18.3 K using the canonical SMILES (simplified molecular
input line entry system) notation of a molecule (Galeazzo
and Shiraiwa, 2022). We have implemented a pipeline (i.e.,
gecko2vec) into GECKO-A to predict T of compounds from
the chemical mechanism in a fast and computationally effi-
cient manner. The gecko2vec pipeline executes three main
steps: first, it translates the IDs of the compounds of inter-
est of the GECKO-A mechanism into the respective canon-
ical SMILES notations (translation step); second, it trans-
forms the canonical SMILES notations into the respective
molecular embeddings (i.e., unique 300-dimensional numer-
ical representations of molecules; embedding step); and, fi-
nally, the pretrained tgBoost model and its weights are loaded
and used to predict the T, of each species (prediction step).
Within the box model, the T, of total SOA particles (T org)
resulting from the combination of its organic component and
water mixture is computed using the Gordon-Taylor equa-
tion (Dette et al., 2014; Koop et al., 2011; Zobrist et al.,
2008). Tgoreg can be converted to viscosity based on the
Vogel-Fulcher—-Tammann approach assuming a fragility pa-
rameter of 10 (DeRieux et al., 2018). Viscosity is further
converted into bulk diffusivity using the fractional Stokes—
Einstein equation with a fractional parameter of 0.93 and an
effective molecular radius of 0.5 nm (Evoy et al., 2019). For
both model simulations with CP and tgBoost, the particle
number concentration is assumed to remain constant (coag-
ulation is not treated), while the particle radius evolves fol-
lowing the partitioning of organic compounds.

2.2 Laboratory experiments

SOA particles were generated from OH oxidation of Cg—
Cy7 n-alkanes in a 5.9m> Teflon environmental chamber
filled with clean air under high-NO, conditions in the
presence of non-volatile DOS seed particles, as described
in detail elsewhere (Lim and Ziemann, 2009b). Briefly,
1 ppm of n-alkane, 10 ppm of methyl nitrite, and 10 ppm
of NO were added to the chamber from a glass bulb, and
~200-400ugm—3 of seed particles were added from an
evaporation—condensation apparatus. Relatively high-mass
concentrations of seed particles were used so that semi-
volatile compounds would condense to particles, minimizing
vapor deposition to chamber walls (Zhang et al., 2014; Mat-
sunaga and Ziemann, 2010). Blacklights covering two of the
chamber walls were then turned on for 60 min to form OH
radicals by methyl nitrite photolysis (Atkinson et al., 1981).
The amount of n-alkane reacted was measured by collecting
Tenax® samples before and after the experiment and analyz-
ing by gas chromatography with flame ionization detection
(GC-FID). Aerosol volume concentrations were measured
using a scanning mobility particle sizer (SMPS; Docherty
et al., 2005) and converted to an SOA mass formed using
a density of 1.06 gcm™3. SOA mass yields (mass of SOA
formed /mass of n-alkane reacted) were calculated from the
measured SMPS mass (corrected for particle wall loss using
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the ~ 20 % h~! decay in mass after the lights were turned off)
and the GC-FID analyses. The final SOA mass concentra-
tions were in the range of ~ 300—6000 ug m~ depending on
precursors (Lim and Ziemann, 2009b). The SOA yields mea-
sured in these experiments were reported previously (Lim
and Ziemann, 2009b), but regarding a recent comparison of
the accuracy of our SMPS measurements with filter sam-
pling, the values reported here are higher by a factor of 1.24
(Bakker-Arkema and Ziemann, 2021).

A temperature-programmed thermal desorption (TPTD)
method was also used to measure thermal desorption temper-
atures of DOS that was present as seed particles in n-alkane
SOA. Particles were sampled directly from the chamber into
a thermal desorption particle beam mass spectrometer (To-
bias et al., 2000), where they were formed into a beam in-
side an aerodynamic lens, were transported into a high vac-
uum chamber, and impacted on a copper rod vaporizer that
was coated with a non-stick polymer and cooled to —40 °C.
Note that compounds with a vapor pressure of < 107 torr
are estimated to undergo negligible evaporation with the
residence time of ~ 0.2s in the aerodynamic lens (Tobias
et al., 2000). After sampling for 30 min, the vaporizer was
warmed by room air to —5 °C and then heated at 2 °C min~!
to 200 °C. Compounds desorbed according to volatility and
entered a quadrupole mass spectrometer, where they were
ionized by 70eV electrons prior to mass analysis. In one
recent n-hexadecane experiment, the composition of nitrate,
hydroxyl, carbonyl (ketone 4 aldehyde), carboxylic acid, es-
ter, and peroxide functional groups in SOA was measured
using derivatization—spectrophotometric methods, with the
number of -CHj- groups calculated by difference (Ranney
et al., 2023). We note that in that experiment the SOA yield
measured by filter sampling was nearly identical to the one
we measured previously after applying the above correction.

3 Results and discussion

3.1 SOA yields and viscosity

Figure 1 shows comparisons of measurements and model-
ing for (a) SOA yields, (b) functional-group distributions,
(c) N: C ratios, and (d) O: C ratios. Figure 1a shows the
measured yields of SOA generated from the oxidation of n-
alkanes (C,,Hy,+2; carbon number n = 8-17) (Lim and Zie-
mann, 2009b). The model base case (black line) with a mass
accommodation coefficient of 1 for all species represents no
kinetic limitations in the particle phase, and the results are
similar to previous simulations performed by La et al. (2016).
Vapor wall loss was considered based on experimental ob-
servations and previous modeling studies (Krechmer et al.,
2016; La et al., 2016; Lim and Ziemann, 2009b), which is
important to account for as no wall loss would lead to a sig-
nificant overestimation of SOA yields, as shown by the dot-
ted black line and discussed in detail in La et al. (2016). Both
experimental and simulated SOA yields increase with an in-
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Figure 1. (a) Yields of SOA generated from OH oxidation of linear n-alkanes as measured by Lim and Ziemann (2009b) (markers) and
modeled by the GECKO-A box model (lines). The black line represents the base case with a mass accommodation coefficient () of 1. The
dashed lines represent simulations with an effective mass accommodation coefficient (cefr) as a function of bulk diffusivity from tgBoost
(green) and the compositional parametrization (orange). (b) Simulated functional-group distributions of n-hexadecane (C;gH34) oxidation
products in the particle phase. The blue bars represent experimental measurements. The green and orange bars represent GECKO-A box
model simulations with o With tgBoost and the compositional parametrization, respectively. (¢) N : C and (d) O : C ratios in SOA formed
by n-alkane oxidation simulated by the GECKO-A box model. The black line represents the base case with an « value of 1. The dashed lines
represent simulations with caeg with tgBoost (green) and the compositional parametrization (orange). The markers represent experimental
measurements for C15 (Aimanant and Ziemann, 2013a) and C1¢4 (Table Al).

crease in n, reflecting the decrease in volatility of the precur-
sor and its oxidation products (Shiraiwa et al., 2014). The ob-
served SOA yield trend is consistent with measurements by
a thermal desorption particle beam mass spectrometer, show-
ing that n-alkane SOA is composed of less oxidized products
with lower volatility for precursors with a higher n (Lim and
Ziemann, 2009b, a).

The overall good agreement suggests that multigenera-
tional chemistry in the gas phase and partitioning of semi-
and low-volatile products, as explicitly treated by GECKO-
A box modeling, are the dominant pathway of n-alkane SOA
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formation under these conditions. It also suggests that per-
oxy radicals (RO;) mainly react with NO,, minimizing au-
toxidation and gas-phase dimerization by RO; + RO;, reac-
tions. Good model agreement also suggests that particle-
phase oligomerization chemistry is not a dominant process,
while particle-phase unimolecular reactions including cy-
clization of hydroxyketones and dehydration of cyclic hemi-
acetals forming dihydrofurans are treated in the model as
they are important for the further oxidation due to the pres-
ence of a double bound in the dihydrofurans (Lim and Zie-
mann, 2009a; La et al., 2016). Thus, the GECKO-A model

Atmos. Chem. Phys., 24, 5549-5565, 2024
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seemingly treats all essential processes for simulations of n-
alkane SOA formation under high-NO, conditions. Note that
a very recent study suggested that cyclic hemiacetals form
acetal dimers in the particle phase for SOA formed from the
reaction of n-hexadecane SOA and OH/NO, (Ranney et al.,
2023). In addition, particle-phase chemistry was shown to be
substantial in n-alkane SOA formation under low-NO, con-
ditions through peroxyhemiacetal and oligomer formation
(Shiraiwa et al., 2013; Ziemann and Atkinson, 2012). The
impact of such particle-phase chemistry may warrant further
investigations including model development and experimen-
tal studies.

To explore the potential impacts of the particle phase state
on SOA formation and partitioning, we implemented an ef-
fective mass accommodation coefficient (ceff) which can ef-
fectively consider kinetic limitations of bulk diffusion and
also account for the effect of vapor pressure on partitioning
kinetics for species with various volatilities (Shiraiwa and
Po6schl, 2021). Bulk diffusivity evolves upon SOA formation,
which can be derived by viscosity and T as predicted by the
machine-learning-based tgBoost model (dashed green line in
Fig. 1a) and the compositional parametrization (CP; dashed
orange line in Fig. 1a). The simulated SOA yields with tg-
Boost are very similar to the base case scenario with o = 1,
while the application of the CP leads to smaller SOA yields
for n = 15-17. These results indicate that a.¢ is close to 1
with few kinetic limitations of bulk diffusion for most cases,
although some limitations are predicted by CP for large pre-
cursors. Deviations of tgBoost and CP stem from the differ-
ence in phase state and viscosity predicted by the two meth-
ods.

Figure 2a shows the simulated viscosity and correspond-
ing bulk diffusivity of n-alkane SOA. Notably, the two mod-
els predict contrasting trends. The simulated glass transition
temperature (T org) of SOA is presented in Fig. Al. The CP
predicts a decrease in Ty oy for Cg_12 with the lowest Ty org
of ~ 250K, which is likely due to a decrease of the O:C
ratio (Fig. 1d) as a lower O : C ratio can lead to a decrease
in Ty (DeRieux et al., 2018; Shiraiwa et al., 2017), followed
by an increase in Ty org, With n reaching ~ 270K with Cy7.
These values correspond to viscosity of 10*~10° Pas, indi-
cating that n-alkane SOA adopts a viscous semi-solid phase
state. The increase in viscosity for larger precursors is ap-
parently reasonable, as their oxidation products would have
a higher molar mass which would generally correspond to
a higher T, or¢ (Koop et al., 2011; Shiraiwa et al., 2017).
Based on the Stokes—Einstein relation, bulk diffusivity would
be in the range of 3 x 10715-10712 ¢cm? s~!. The character-
istic timescale of bulk diffusion in an average particle di-
ameter of 300nm can be as low as ~ 2h (Shiraiwa et al.,
2011), which is longer than the experimental timescale of
1 h. These low diffusivities and the long diffusion timescale
can induce concentration gradients in the particle bulk, re-
ducing a.fr and causing significant kinetic limitations that re-
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tard SOA growth, which is not consistent with the measured
SOA yields.

tgBoost predicts the opposite trend, predicting a mono-
tonic decrease in Ty org and viscosity with an increase in n,
suggesting that SOA phase state shifts from an amorphous
semi-solid state (102 <7 < 10° Pas) towards a liquid-like
phase state (7 < 10? Pas). These results are counter-intuitive
as Ty values of n-alkanes increase with an increase in n,
which can be reproduced with great precision by tgBoost
(Galeazzo and Shiraiwa, 2022). The determinants explain-
ing this unexpected trend are the chemical composition and
molecular structure of the oxidation products as discussed
below. The characteristic timescale of bulk diffusion is less
than 1 s in a low-viscous state, and high bulk diffusivity (Shi-
raiwa et al., 2011) and SOA particles are expected be homo-
geneously well-mixed. Hence, o.fr remains very close to 1
with little kinetic limitation of bulk diffusion.

Unfortunately, no direct viscosity measurements of n-
alkane SOA generated under high-NO, conditions are avail-
able to date, while there are two studies of n-alkane SOA gen-
erated under NO, -free conditions. Saukko et al. (2012) ob-
served that n-heptadecane (C17H36) SOA with alow O : Cra-
tio did not bounce from an impactor plate. This indicates that
these particles adopted a liquid-like state, as indicated by the
violet shading in Fig. 2a, which is consistent with the tgBoost
prediction. Shiraiwa et al. (2013) estimated the bulk diffusiv-
ity of n-dodecane (C12Hz6) SOA generated without NO, to
be 107 12cm?s~! using a kinetic multilayer model to sim-
ulate the evolution of particle size distribution. While these
two data points cannot be directly compared with the vis-
cosity predictions of high-NO, n-alkane SOA, they serve as
reference data points for now, and direct viscosity or bulk dif-
fusivity measurements of high-NO, n-alkane SOA are war-
ranted in future studies.

Figure 2b shows the thermal desorption profiles of DOS
that was present as seed particles within the SOA formed
from oxidation of the n-alkanes. Since DOS desorption in-
volved diffusion through the SOA prior to escape into a vac-
uum, these profiles provided a means for probing the SOA
viscosity. The peaks in the DOS profiles for the Cg_13 and
C14-17 n-alkanes are closely grouped, with the vaporizer tem-
perature at ~ 80 and ~ 65 °C, respectively, with the peak for
pure DOS occurring in between at ~ 72 °C. The observed
decrease in desorption temperatures from low to high car-
bon numbers suggests an increase in the effective volatil-
ity of DOS in SOA generated from larger n-alkanes. In ad-
dition, Lim and Ziemann (2009b) have observed that Cig
n-alkane SOA generated under high-NO, conditions evap-
orates at higher temperatures compared to Cj» and Cy5 n-
alkane SOA based on total ion thermal desorption measure-
ments. Volatility and 7, were shown to exhibit a clear an-
ticorrelation (Li et al., 2020); hence, these results strongly
indicate that Cg_j3 SOA has a higher T, and viscosity com-
pared to C13_17 SOA. Note that the Cy3 profile is bimodal
with peaks at ~ 80 and ~ 65 °C (Fig. 2b), which is in line
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Figure 2. Phase state of n-alkane SOA. (a) Predicted viscosity of SOA generated from n-alkanes as computed by the GECKO-A box model
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desorption temperatures of dioctyl sebacate (DOS) that was present as seed particles in n-alkane SOA.

with the tgBoost prediction that the viscosity of C;3 alkane
SOA is at the edge of amorphous semi-solid and liquid phase
states (Fig. 2a). These results indicate that n-alkane SOA
generated by larger precursors adopt low-viscous liquid-like
states, while n-alkane SOA generated by smaller precursors
adopt viscous semi-solid states, in agreement with tgBoost
predictions. The major strength of tgBoost is that it consid-
ers molecular structure and functionality for 7 predictions,
while the compositional parametrization does not account for
this effect, leading to intuitive but erroneous predictions.

3.2 Chemical composition of SOA

Figure 1 also shows the simulated (¢) N:C and (d) O:C
ratios of SOA with o =1 (black line) and « = ot with T
determined with tgBoost (green line) or the compositional
parametrization (orange line). The N : C ratio is very simi-
lar among all simulations, being ~ 0.2 for Cg and decreas-
ing progressively to ~ 0.03 with each addition of a carbon
atom in the precursor. O : C ratios were calculated in two
different ways by treating a (nitrate-ONO;) group to con-
tain either three (solid lines) or one (dashed lines) oxygen
atom. One oxygen atom is also considered because O : C
ratios reported from aerosol mass spectrometer measure-
ments generally treat a nitrate group the same as a hydroxyl
group, since they have the same effect on the oxidation state
(Farmer et al., 2010). Similar to the N : C ratio, there is a
constant decrease in the O : C ratio of SOA with an increas-
ing n, which is consistent with previous measurements for n-
pentadecane (C;sH32) SOA (Aimanant and Ziemann, 2013a)
and n-hexadecane (Cj¢Hs34) SOA in this study, even though
the simulated values are ~45% and 15 % lower than the
measured N : C and O : C ratios, respectively. The discrepan-
cies are likely due to errors in modeling gas—wall partition-
ing and gas—particle partitioning. The difference may also be
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caused by missing processes in the model such as the reactive
uptake of oxidants and particle-phase chemistry.

We measured functional-group distributions in n-
hexadecane SOA using derivatization-spectrophotometric
methods described in Aimanant and Ziemann (2013b), as
shown in Fig. 1b and summarized in Table A1. Experimental
measurements report a high presence of -CHj- (13.81)
and -ONO;, (0.91), followed by ROH (0.41), RC(=0)
(0.38), and RC(=0)OR (0.28), with the average measured
number of groups per Cig molecule in parenthesis. Fig-
ure 1b includes simulation results by GECKO-A with CP
and tgBoost, showing overall satisfactory agreement. The
simulated results with tgBoost show excellent agreement
for hydroxyl and methylene groups, while the simulated
nitrates and carbonyls (ketones + aldehydes) are lower than
the measurements. The simulation by CP also has a similar
trend but with a significantly lower presence of nitrates,
carbonyls, and esters.

Figure 3a shows the top 15 oxidation products in the par-
ticle phase formed by the oxidation of n-hexadecane simu-
lated by the GECKO-A box model with tgBoost. Note that
positional isomers are lumped into one species and that the
five species in the first row constitute a majority (~ 86 %) of
SOA mass. The simulated SOA is composed mostly by first-
generation products including alkyl nitrates, hydroxynitrates,
and hydroxyketones. There is also a significant presence of
second- and third-generation products such as esters and
dinitrates. We also predicted multi-functionalized decompo-
sition products including smaller chain hydroxy nitrates and
alkyl lactones as well as particle-phase products from the cy-
clization of hydroxyketones and dehydration of cyclic hemi-
acetals to form dihydrofurans. A very recent study by Ran-
ney et al. (2023) measured n-hexadecane oxidation products
under high-NO, conditions, finding that alkyl nitrates, hy-
droxyl nitrates, hydroxyl carbonyls, cyclic hemiacetals, and
cyclic hemiacetal nitrates were major products. These com-

Atmos. Chem. Phys., 24, 5549-5565, 2024
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Figure 3. Molecular composition of oxidation products of n-alkanes under high-NO, conditions in the particle phase. Top 15 SOA contribu-
tors with the highest concentrations in (a) n-hexadecane (C1gH34) SOA and (b) n-decane (C;gHj3,) simulated by GECKO-A with an effective
mass accommodation coefficient (cef) With tgBoost. The species are reported in descending concentrations from left to right and from top
to bottom. Positional isomers are lumped into one species. Listed values are Ty as calculated by tgBoost and CP and cefr values at the end
of the simulation (3600 s) in parentheses. Types of compounds are also noted (first-, second-, and third-generation products, decomposition
products).

pounds are also major products as shown in Fig. 3a, sug- functionalized products, followed by some second- and third-
gesting that GECKO-A simulated n-alkane oxidation very generation products, without decomposition products in the
well. There are notable differences in molecular composition top species.

for SOA simulated by CP compared to tgBoost (Fig. A2): The T, simulated by both methods for each compound
the major compounds are first-generation single- and multi- is listed in Fig. 3. Overall tgBoost predicts 7, values be-
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tween 157-221K, which are much lower compared to CP,
especially with significant differences for organic nitrates
and multi-functionalized species. As tgBoost considers the
molecular structure, functional group, and atomic intercon-
nectivity of a molecule, it should make better predictions for
multi-functionalized compounds based on the presence of
different functional groups. CP is based on elemental com-
position, and it predicts a high T, for compounds with high
molar mass, predicting the same T, for isomers. In addition,
the CP for CHON compounds was developed based on T,
values mainly estimated from their melting points, as there
are a limited number of CHON compounds with measured
T, available. The T, of organic nitrates is especially scarce,
and future 7; measurements for organic nitrates are desired
to improve T, parametrizations. For these reasons, CP over-
estimates T, for oxidation products of n-alkane with a long
chain on average by ~ 66 K compared to tgBoost, overpre-
dicting SOA viscosity as shown in Fig. 2a.

Figure 3 also lists aefr values, showing that they are very
close to 1 for tgBoost, with SOA being a low-viscous lig-
uid with little kinetic limitations in mass accommodation.
Additional oxidation products with lower concentrations are
listed in Fig. A3, and their o values remain also close
to 1. In contrast, as CP predicts the SOA phase state to be
a viscous amorphous semi-solid, aegr values for semi-volatile
compounds become significantly smaller, kinetically limiting
mass accommodation. This decrease in af is larger for com-
pounds with higher volatility, so compounds have a higher
re-evaporation rate on viscous particles with a lower rate of
bulk diffusion (Shiraiwa and Poschl, 2021) (Fig. A3). aefr
values for lower-volatility compounds remain high, as they
exhibit much lower desorption rates and are less likely to re-
evaporate, even if their diffusion into the bulk is slow. Con-
sequently, SOA simulated with CP mainly consists of later-
generation products with higher functionalization and molar
masses.

Figure 3b shows the top 15 oxidation products of n-decane
(C10Hae) as predicted by GECKO-A with tgBoost. SOA is
mostly composed of second- and third-generation products
with multiple functional groups including nitrates, ketones,
and alcohols. These highly oxidized products have T in the
range of 225-304 K, with similar predictions by CP and tg-
Boost. This is consistent with previous studies that demon-
strated successful applications of CP in predicting the mea-
sured viscosity of SOA derived from biogenic and other rel-
atively small precursors (DeRieux et al., 2018; Smith et al.,
2021; Baboomian et al., 2022). These results are consistent
with total ion thermal desorption profiles of n-alkane SOA
formed in the presence of NO, (Lim and Ziemann, 2009b):
C10 SOA was observed to have a broad single peak around
~ 75 °C, indicating the presence of low-volatility multigen-
erational products; in contrast, Ci3 and C;s SOA exhibited
two peaks with one larger peak at a lower temperature, cor-
responding to first-generation products, and another smaller
peak for multigenerational products. The phase state of n-
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decane SOA is predicted to be semi-solid, but kinetic limi-
tations are not strong as «.fr values for most compounds are
only slightly reduced from 1.

3.3 Effects of mass loadings on viscosity

The use of mass loadings in chamber experiments higher
than ambient conditions assured that the condensation of
semi-volatile vapors to suspended particles is a dominant
process over vapor wall deposition (Zhang et al., 2014; Mat-
sunaga and Ziemann, 2010). Chamber experiments of n-
alkane photooxidation under high-NO, conditions were also
conducted with lower mass loading by Presto et al. (2010),
who measured temporal evolution of SOA yields as shown
in Fig. 4a. SOA yields are increased with an increase in SOA
mass concentrations, which is consistent with SOA absorp-
tive partitioning theory (Pankow, 1994). The oxidation of
larger precursors leads to higher SOA yields, in agreement
with Lim and Ziemann (2009b) as presented in Fig. la. As
shown with solid lines, the GECKO-A box model simulated
experimental observations of SOA yields very well.

Figure 4b depicts the simulated SOA viscosity. We ob-
served the same trend as Fig. 2a with the lowering of vis-
cosity upon an increase in carbon number n. The SOA
phase state is predicted to be semi-solid for a low n, while
it is expected to be liquid for a high n. The predicted
viscosity is about 1 order of magnitude higher compared
to Fig. 2a. Lower mass loadings suppress partitioning of
higher-volatility compounds, resulting in higher viscosity, as
condensation would be dominated by lower-volatility com-
pounds with a higher T, (Jain et al., 2018; Champion et al.,
2019; Grayson et al., 2016; DeRieux et al., 2018).

3.4 Atmospheric implications

The phase state and viscosity of SOA formed by IVOCs have
been largely unknown and unexplored. We demonstrated in
this study that SOA derived from small and middle-sized n-
alkanes (Cj2 and smaller) mostly consists of multigenera-
tional oxidation products adopting an amorphous semi-solid
state, while larger n-alkane SOA are mainly composed of
first-generation lightly oxidized products with one or two
functional groups adopting a low-viscous liquid state. This
result is counter-intuitive, as it has been established that a
higher molar mass would lead to higher glass transition tem-
perature and, hence, higher viscosity (Koop et al., 2011;
Shiraiwa et al.,, 2017). In fact, the viscosity of biogenic
SOA follows this trend: the viscosity of isoprene (CsHg)
SOA is reported to be lower than monoterpene (CioHje,
such as a-pinene and limonene) SOA (Renbaum-Wolff et
al., 2013; Zhang et al., 2019), while oxidation products of
sesquiterpene (C1sHy4) increase the viscosity of SOA (Smith
etal., 2021), which is captured by empirical parametrizations
based on elemental composition (DeRieux et al., 2018; Li
et al., 2020). In contrast, n-alkane SOA exhibits an opposite
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trend, as indicated by thermal desorption measurements that
show that DOS in SOA formed by the oxidation of large n-
alkanes has higher volatility. Hence, the SOA has lower vis-
cosity, due to the enhanced presence of less functionalized
first-generation products (Li et al., 2020; Zhang et al., 2019).
This trend is successfully predicted by GECKO-A combined
with the machine-learning-based model tgBoost, which em-
phasizes the importance of the consideration of functionality
and molecular structure in accurate predictions of 7,. The
relationship between viscosity and composition is also re-
flected in the atomic O : C and N : C ratios of n-alkane SOA,
which decrease monotonically upon an increase in the car-
bon number of the n-alkane, since a higher oxidation state
and functionalization can increase T (DeRieux et al., 2018;
Koop et al., 2011; Shiraiwa et al., 2017; Saukko et al., 2012).

IVOCs have gained growing attention for their better char-
acterization of urban air quality, as they represent an im-
portant source of SOA as shown by chamber experiments
(Aimanant and Ziemann, 2013a; Lim and Ziemann, 2009b)
and as observed in field observations (Gentner et al., 2012; Li
et al., 2022; Robinson et al., 2007; McDonald et al., 2018).
While a few large-scale aerosol models treat IVOC SOA
in order to achieve better agreement with ambient measure-
ments (de Gouw et al., 2011; Li et al., 2022; Zhao et al.,
2016), IVOC SOA is still highly uncertain in terms of chem-
ical composition and particle phase state and model param-
eters and treatments for SOA formation and partitioning are
poorly constrained. Our study provides critical insights into
these aspects, showing that n-alkane SOA formation under
high-NO, conditions (as is usually the case for ambient ur-
ban air) is dominated by gas-phase chemistry followed by
partitioning. As the generated SOA particles adopt a low-
viscous state, there are few kinetic limitations of mass ac-
commodation and bulk diffusion, which supports the appli-
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cation of equilibrium SOA partitioning in the boundary layer.
While the experiments and modeling were conducted for dry
conditions in this study, the phase state and viscosity of ambi-
ent n-alkane SOA would be expected to be even lower under
humid conditions due to hygroscopic growth and water act-
ing as a plasticizer. Note that further experiments and model
simulations are required for different conditions for the mid-
dle and upper free troposphere, as viscosity is expected to
become higher under low temperatures.

It is notable that the combination of tgBoost and the
GECKO-A box model successfully simulates SOA yields,
functional-group distributions, and the phase state. This new
model represents a unique and comprehensive tool for sim-
ulating the formation, partitioning, and chemical evolution
of SOA, opening up a new avenue for analyzing the com-
plex interplay of gas-phase chemistry and particle-phase pro-
cesses and composition in SOA for the detailed analysis and
interpretation of laboratory experiments and field observa-
tions. In addition, we propose to pursue the application of
this model as a basis for the development of a detailed mas-
ter mechanism of multiphase aerosol chemistry as well as
for the derivation of simplified but realistic parametrizations
for air quality and climate models. In regional and global air
quality models, it is challenging and computationally very
expensive to treat complex SOA multiphase processes. Thus,
such processes should be treated in an efficient but effective
way, and the new model shall serve as a benchmark for the
development of simplified SOA descriptions.
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Appendix A

Table A1. Experimental and simulated functional-group (FG) distributions and O : C and N : C ratios of SOA generated from C¢ oxidation
by OH in the presence of high NOy.

FG/Cyg Experimental ~ Simulated  Simulated
molecule (tgBoost) (CP)
Nitrate 0.91 0.65 0.54
Carbonyl 0.38 0.26 0.15
Hydroxyl 0.41 0.43 0.45
Carboxyl 0.09 0.0 0.0
Ester 0.28 0.2 0.07
Peroxide 0.12 0.01 0.0
Methylene 13.81 12.12 12.07
0:C 0.28 0.25 0.25
N:C 0.06 0.04 0.03
H:C 1.85 - -
MW 294 - -
Density (gcm™3) 1.10 1.06 1.06
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Figure A1. Predicted Tgorg of SOA generated from n-alkanes as computed by the GECKO-A box model with the Ty compositional
parametrization (orange line) and tgBoost (green line) at the last step of the simulations (¢ = 3600 s).
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Figure A3. (a) aef isolines as a function of bulk diffusivity D}, and saturation vapor pressure p°® of semi-volatile species. (b) Selection
of various representative SOA contributors produced during the oxidation of n-hexadecane. The species are ordered by decreasing vapor
pressure. The reported aefr values for each SOA contributor are calculated for Dy, estimated with tgBoost (D, =1 x 10~ 8cm2s—1)and CP
(Dp =3 x 10~ 13 cm? s~ 1), The values of aefr for the selected species are reported as points in the top panel. It shows that for the liquid-like
state estimated with the tgBoost configuration, o, tend towards 1 for all species. This behavior is not observed in the amorphous semi-solid
state estimated using the CP model configuration for species with a p® value above 10~ atm. For the simulated conditions, species with a
p° value between 1078 and 1070 atm are of low enough volatility to partition between the particle and gas phases at equilibrium. For species
in that volatility range, no mass transfer limitation is observed with the tgBoost configuration, unlike the CP configuration. Using the CP
configuration, the most volatile SOA contributors are subjected to a substantial mass transfer limitation and are therefore mainly eliminated
by gas-phase oxidation or wall deposition.
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